Cardiovascular disease (CVD) remains the leading cause of death in individuals with type 1 diabetes ([@B1][@B2][@B3]--[@B4]). Although hyperglycemia appears to be the primary mediator of microvascular disease ([@B5],[@B6]), its role in macrovascular disease is less clear ([@B4]). Tight glycemic control improves, but does not normalize CVD risk, and correlation of GHb to CVD risk remains controversial ([@B7][@B8][@B9][@B10][@B11][@B12][@B13][@B14]--[@B15]). In addition, standard prediction rules for CVD risk do not accurately predict CVD in type 1 diabetic populations ([@B16]). Thus, the mechanism of accelerated atherosclerosis in type 1 diabetes is unclear and identification of those patients at highest risk and most in need of aggressive risk factor modification is inaccurate.

In the general population, insulin resistance has been implicated as an important contributor to accelerated atherosclerosis ([@B17][@B18][@B19][@B20][@B21][@B22][@B23][@B24]--[@B25]). Although type 1 diabetes is primarily a disease of insulin deficiency, previous studies have demonstrated insulin resistance and suggested that CVD may also be linked to insulin resistance in type 1 diabetes ([@B10],[@B26][@B27][@B28][@B29][@B30][@B31]--[@B32]). As early as 1968, Martin et al. ([@B30]) demonstrated an "impaired glucose assimilation index" and an inverse association between this index and prevalent macrovascular disease in type 1 diabetic subjects. More recently, the Pittsburgh Epidemiology of Diabetes Complications Study ([@B10]) found no correlation between GHb and coronary artery disease outcomes. However, in addition to other known CVD risk factors, estimated glucose disposal rate correlated inversely with these outcomes. Similar correlations of estimated insulin resistance or a surrogate of insulin resistance (waist-to-hip ratio) to coronary artery disease were also found in the Diabetes Control and Complications Trial (DCCT) and the EURODIAB study ([@B33]). These data suggest that an estimate of insulin resistance may add to CVD risk prediction in type 1 diabetes. In addition, elevated nonesterified fatty acid (NEFA) levels have been proposed to mediate the increased atherosclerotic risk associated with insulin resistance in the general population ([@B18],[@B34][@B35][@B36]--[@B37]). It is not known whether the defects in insulin action in type 1 diabetes extend beyond glucose utilization to NEFA suppression.

The Coronary Artery Calcification in Type 1 Diabetes (CACTI) study has followed a cohort of type 1 diabetic subjects and similar nondiabetic controls with electron beam computed tomography for measurement of coronary artery calcification (CAC) and CVD outcomes for 6 years ([@B15],[@B38]). We hypothesized that type 1 diabetic subjects would be more insulin resistant than nondiabetic controls in terms of both glucose utilization and NEFA suppression, and that both measures of insulin resistance would correlate with CAC, a marker of the extent of coronary atherosclerosis.

RESEARCH DESIGN AND METHODS
===========================

Study population and clamp substudy design.
-------------------------------------------

Subjects were recruited from the CACTI study cohort described previously ([@B38]) for a hyperinsulinemic-euglycemic clamp substudy. Inclusion criteria for initial enrollment of type 1 diabetic subjects in the CACTI study were age 19 to 56, no history of CVD, insulin therapy within a year of diagnosis and current insulin therapy, diagnosis before age 30 and/or positive antibodies, and diabetes duration ≥10 years. The nondiabetic controls were of similar age and free of CVD. Within this cohort, inclusion criteria for the clamp substudy presented here included: GHb ≤9.5%, albumin excretion rate \<200 μg/min, triglycerides \<400 mg/dl, blood pressure \<160/100, and a CAC measurement at the 6-year CACTI follow-up. Recruitment of the subgroup was performed by a mailing to the full CACTI cohort with the 6-year follow-up reminder. The initial recruitment goal was 96 subjects, 24 each of type 1 diabetic men and women, and nondiabetic men and women with frequency matching for age (by 5-year intervals), and BMI (normal, overweight, and obese). Interested and eligible members of the cohort were accepted into the substudy as long as groups remained open and frequency-matching criteria were satisfied. Recruitment was stopped at 91 participants for funding reasons. Clamps were performed 10 to 967 (median 207) days after the 6-year follow-up visit. All participants provided informed consent, and the study was approved by the Colorado Combined Institutional Review Board.

Body composition.
-----------------

Dual X-ray absorptiometry scans were performed for body composition and fat-free mass (FFM) just before the clamp study. Abdominal computed tomography scans for calculation of visceral and subcutaneous fat areas and liver to spleen density ratios were performed at the 6-year CACTI follow-up and within 1 year of the clamp study. Anthropometric measures included waist and hip circumference, height, weight, and sagittal diameter.

Continuous glucose monitoring.
------------------------------

Type 1 diabetic subjects (*n* = 44) underwent masked continuous glucose monitoring (CGM) (Medtronic MiniMed Gold System) for 3 days before the hyperinsulinemic-euglycemic clamp. Reported CGM measures include *1*) the overall mean glucose (mean*~T~*), the average of all glucose values; *2*) hypoglycemia, percentage of glucose values \<70 mg/dl (3.9 mmol/l); *3*) hyperglycemia, percentage of glucose values \>180 mg/dl (10 mmol/l); and *4*) glycemic variability within days, overall SD (SD*~T~*), the SD of all glucose values.

Hyperinsulinemic-euglycemic clamp visit.
----------------------------------------

Subjects were asked to refrain from vigorous physical activity and provided a standardized diet (50% carbohydrate, 20% protein, 30% fat) for 3 days before their study day. Caloric needs were based on FFM measured by DEXA scan and a standard activity factor. Premenopausal women were scheduled for their study day within days 2 to 10 of their menstrual cycle. Subjects were admitted to the inpatient clinical research unit before dinner the evening before their study. Type 1 diabetic subjects were instructed to take their last long-acting insulin injections at least 12 h before admission. Dinner was provided on the unit and subjects then fasted overnight and through the clamp. Type 1 diabetic subjects were given bolus insulin for dinner per their usual regimen. Those on an insulin pump had the pump removed after dinner, and all type 1 diabetic subjects were maintained overnight on intravenous insulin with adjustments to achieve euglycemia by morning. Blood samples for determination of baseline hormone and substrate (insulin, glucose, C-peptide, NEFA, glycerol, and lactate) concentrations were drawn before initiation of the clamp protocol. NEFA were assayed using an Olympus AU400e Chemistry Analyzer two step spectrophotometric assay. A three stage hyperinsulinemic- euglycemic clamp was initiated and continued for the next 4.5 h using the method of DeFronzo et al. ([@B39]). Briefly, a primed continuous infusion of insulin was administered at 4, 8, and then 40 mU/m^2^/min for 1.5 h each. A variable infusion of 20% dextrose was infused to maintain blood glucose ∼90 mg/dl. Arterialized blood was sampled every 5 min for bedside determination of glucose concentration (Analox, Lunenberg, MA) and the dextrose infusion adjusted as necessary. Arterialized blood samples were taken twice during the last 10 min of each stage of the clamp for hormone and substrate measurements as above. A hyperinsulinemic- euglycemic steady state was achieved during the last 30 min of the high insulin infusion stage and mean glucose infusion rate (\[GIR\], mg/kg FFM/min) during this time was used as the measure of insulin sensitivity.

Imaging of coronary artery calcium.
-----------------------------------

CAC was measured using an Imatron C-150 Ultrafast computed tomography scanner. All participants underwent two electron beam computed tomography scans without contrast within 5 min at baseline and two scans at follow-up visits at years 3 and 6 using the standard acquisition protocol. Calcium volume scores (CVS) were calculated using the volumetric method, which is based on isotropic interpolation, as previously described ([@B40],[@B41]).

Statistical analyses.
---------------------

Variables were examined for normality, and non-normally distributed variables were log transformed for analysis. Differences in clinical and clamp parameters and unadjusted GIR between type 1 diabetic and non-DM subjects were examined using unpaired Student *t* tests. Multiply adjusted least squares means of GIR and NEFA and glycerol levels were calculated using generalized linear models. Correlation of insulin resistance measures to CAC was examined using Spearman rank test and partial adjustment was made for age, diabetes status, and sex. Comparison of insulin resistance by GHb quartile was done by ANOVA.

RESULTS
=======

We present data from 87 subjects (40 with type 1 diabetes and 47 age- and sex-matched nondiabetic controls) recruited for the clamp substudy between 2005 and 2008. Initial recruitment included 91 subjects (44 with diabetes and 47 nondiabetic controls). Four diabetic subject clamps were excluded from the final analysis due to errors in clamp and/or overnight insulin preparation detected by inappropriate insulin responses in the subjects and postclamp measurement of infusate insulin concentration.

Subjects in the clamp study were representative of the full CACTI cohort seen at the 6-year follow-up with no differences found for parameters known to impact insulin sensitivity, including age (years: 44.8 ± 7.9 vs. 45.0 ± 9.1, *P* = 0.87), BMI (kg/m^2^: 26.2 ± 4.2 vs. 26.8 ± 4.9, *P* = 0.19), visceral fat (log visceral fat area: 10.67 ± 0.52 vs. 10.74 ± 0.59, *P* = 0.32), and habitual daily physical activity (log Kcal: 7.28 ± 1.00 vs. 7.15 ± 1.45, *P* = 0.24). Similarity between the clamp cohort and the full 6-year visit cohort was also found within sex and diabetes strata (not shown). In addition, type 1 diabetic subjects in the clamp study were similar to the full CACTI cohort in diabetes duration (28.6 ± 8.0 vs. 29.4 ± 8.8 years, *P* = 0.57). Clinical characteristics of the study population by diabetes status are shown in [Table 1](#T1){ref-type="table"}. Type 1 diabetic and nondiabetic groups were well matched for age and BMI. In addition, the two groups were similar for other measures of body composition, including total percentage of body fat, waist circumference, waist to hip ratio, and habitual physical activity. As expected, type 1 diabetic and nondiabetic groups differed significantly in diabetes-related parameters of GHb and fasting glucose. Total and LDL cholesterol and triglycerides also differed significantly by diabetes status, with the nondiabetic subjects exhibiting the higher cardiovascular risk phenotype of higher LDL and triglycerides. Statin use was significantly more frequent in type 1 diabetic subjects, but the difference in lipid profile remained after adjustment for statin use (not shown). Type 1 diabetic subjects were more likely to be taking antihypertensive medication, but there was no difference in blood pressure between type 1 diabetic and nondiabetic subjects who were not taking medications (not shown). Adiponectin was significantly higher in type 1 diabetic than nondiabetic subjects as has been reported previously ([@B42][@B43][@B44]--[@B45]).

###### 

Baseline characteristics for clamp study cohort

                                          Type 1 diabetes (*n* = 40)   Controls (*n* = 47)   *P*
  --------------------------------------- ---------------------------- --------------------- ----------
  Age (years)                             45.2 ± 9.2                   45.9 ± 7.2            0.7
  Male/female                             19/21                        20/27                 ---
  Duration of diabetes (years)            22.6 ± 7.8                   ---                   ---
  GHb (%)                                 7.5 ± 0.9                    5.4 ± 0.3             \<0.0001
  Fasting glucose (mg/dl)                 116 ± 39                     96 ± 8                0.0024
  Body fat (%)                            28.6 ± 7.5                   29.6 ± 7.1            0.53
  BMI (kg/m^2^)                           27.0 ± 4.4                   26.0 ± 4.1            0.31
  Visceral fat area (cm^2^)               72.7 ± 50.5                  80.5 ± 50.5           0.49
  Subcutaneous fat area (cm^2^)           271 ± 126                    273 ± 112             0.97
  Sagittal diameter (mm)                  214 ± 36                     214 ± 31              0.96
  Waist circumference (cm)                88.5 ± 12.3                  86.3 ± 12.4           0.42
  Waist:hip ratio                         0.84 ± 0.08                  0.83 ± 0.09           0.44
  Liver:spleen density ratio              1.26 ± 0.08                  1.24 ± 0.24           0.58
  Total cholesterol (mg/dl)               139.9 ± 32.4                 171.1 ± 28.8          \<0.0001
  HDL cholesterol (mg/dl)                 58.0 ± 22.4                  53.4 ± 15.0           0.27
  Triglycerides (mg/dl)                   69.7 ± 33.8                  108.0 ± 57.2          0.0002
  LDL cholesterol (mg/dl)                 67.6 ± 24.8                  96.1 ± 26.0           \<0.0001
  Systolic blood pressure (mmHg)          114 ± 11                     113 ± 10              0.61
  Diastolic blood pressure (mmHg)         73 ± 7                       76 ± 8                0.09
  On hypertension medications (%)         45                           13                    0.0005
  Habitual physical activity (log kcal)   7.2 ± 1.2                    7.4 ± 7.1             0.42
  Adiponection (geometric mean ± SD)      10.9 ± 1.7                   8.2 ± 1.8             0.02
  Cortisol (μg/dl)                        11.8 ± 4.3                   11.5 ± 4.4            0.8

Values are unadjusted mean ± SD except where otherwise indicated.

Type 1 diabetic subjects in the clamp cohort exhibited stable glycemic control over the full duration of the study from baseline through the clamp visit (mean GHb = 7.71 ± 1.0, 7.57 ± 1.1, 7.9 ± 1.0, and 7.51 ± 0.87 at baseline, 3-year, 6-year, and clamp visits, respectively).

Impaired peripheral glucose utilization.
----------------------------------------

Three-stage hyperinsulinemic-euglycemic clamps were performed in 87 subjects (46% with type 1 diabetes, 55% women). Final clamp glucose and insulin levels were not different between the groups ([Table 2](#T2){ref-type="table"}). Whole-body insulin sensitivity represented by GIR during the last 30 min of the clamp was significantly lower in type 1 diabetic than nondiabetic subjects (5.8 ± 3.5 vs. 13.2 ± 5.7 mg/kg FFM/min, *P* \< 0.0001). This difference was only modestly attenuated after multivariate adjustment for age, fasting glucose, final clamp glucose and insulin, and BMI or visceral fat area ([Table 2](#T2){ref-type="table"}).

###### 

Insulin sensitivity by glucose infusion rate from hyperinsulinemic-euglycemic clamp

                                                                                                      Type 1 diabetes   Nondiabetic controls   *P*
  --------------------------------------------------------------------------------------------------- ----------------- ---------------------- ----------
  Stage 3 clamp parameters                                                                                                                     
      Final glucose (mg/dl)                                                                           89.1 ± 3.2        89.9 ± 3.4             0.28
      Final insulin (μU/ml)                                                                           106 ± 35          99 ± 30                0.36
  Glucose infusion rate (mg/kg FFM/min)                                                                                                        
      Unadjusted (mean ± SD)                                                                          5.8 ± 3.5         13.2 ± 5.7             \<0.0001
      LS mean ± SE, adjusted for age, sex, BMI, fasting glucose, final glucose and insulin            6.19 ± 0.72       12.71 ± 0.66           \<0.0001
      LS mean ± SE, adjusted for age, sex, visceral fat, fasting glucose, final glucose and insulin   6.24 ± 0.68       12.75 ± 0.62           \<0.0001

Correlates of insulin resistance in type 1 diabetes.
----------------------------------------------------

Insulin resistance in type 1 diabetes correlated with the expected parameters known to predict insulin resistance in nondiabetic and type 2 diabetic subjects, but relationships were left-shifted in type 1 diabetes. For instance, triglyceride levels and BMI correlated with insulin resistance similarly in both groups ([Fig. 1](#F1){ref-type="fig"}). In an analysis of the whole group, there was no interaction by diabetes for the relationship of GIR to triglycerides or BMI (*P* = 0.966 and 0.734, respectively), but the *y* intercepts were significantly different for triglycerides and trended toward significance for BMI (*P* = 0.002 and 0.156, respectively). Similar relationships were found for waist circumference, visceral fat area, and total body fat (not shown).

![Correlation of insulin sensitivity to triglycerides and BMI is retained, but left-shifted, in type 1 diabetes. For the relationship of GIR to triglycerides (*top panel*) the regression equation in type 1 diabetes is GIR = 8.478 -- 0.038 (triglycerides), *P* = 0.022; for nondiabetic subjects GIR = 17.14--0.037 (triglycerides), *P* = 0.011. In combined analysis, *P* = 0.966 for an interaction by diabetes and *P* = 0.002 for the difference in *y* intercept. For BMI (*bottom panel*) in type 1 diabetes, GIR = 14.732--0.33 (BMI), *P* = 0.008; for nondiabetic subjects, GIR = 23.87--0.41(BMI), *P* = 0.05. In combined analysis, *P* = 0.734 for an interaction by diabetes, *P* = 0.156 for the difference in the *y* intercept.](zdb0011164400001){#F1}

Impaired insulin-mediated NEFA suppression.
-------------------------------------------

Insulin-mediated serum NEFA suppression was also impaired in type 1 diabetic subjects ([Fig. 2](#F2){ref-type="fig"}, top panel). The increase in serum NEFA levels during the first clamp stage in diabetic subjects reflected an initial insulin infusion rate (4mU/m^2^/min) that was lower than their basal requirement. The second stage insulin infusion rate (8mU/m^2^/min) was sufficient to lower glucose and NEFA levels in all type 1 diabetic subjects. Despite this, NEFA levels remained significantly higher in type 1 diabetic than nondiabetic subjects at the end of the second clamp stage (least squares mean ± SE: 370 ± 27 vs. 185 ± 25 μmol/l, *P* \< 0.0001) after adjustment for age, sex, BMI, fasting glucose, and time point insulin. The highest insulin infusion rate (40mU/m^2^/min), was sufficient to similarly suppress NEFA levels in type 1 and nondiabetic subjects. NEFA levels at all clamp stages were strongly inversely correlated with peripheral glucose uptake (*r* = −0.56, *P* \< 0.0001, *r* = −0.63, *P* \< 0.0001, *r* = −0.40, *P* = 0.0002 for stage 1, 2, and 3 NEFA levels, respectively).

![Insulin-mediated NEFA and glycerol suppression are impaired in type 1 diabetic subjects. NEFA and glycerol values are μM. Data are least squares mean ± SE (adjusted for age, sex, BMI, fasting glucose, and time point insulin). ■, type 1 diabetic subjects; ▴, nondiabetic controls; \**P* \< 0.0001, †*P* \< 0.05.](zdb0011164400002){#F2}

Insulin-mediated suppression of glycerol followed a similar pattern to NEFA levels ([Fig. 1](#F1){ref-type="fig"}, bottom panel). The defect in glycerol suppression in type 1 diabetic subjects remained significant in the unadjusted data during the third clamp stage, though this was attenuated at the final time point by adjustment for age, sex, BMI, fasting insulin, and time point insulin level.

Impaired peripheral glucose utilization and insulin-mediated NEFA suppression correlate with coronary artery calcification.
---------------------------------------------------------------------------------------------------------------------------

A relationship between insulin resistance and CAC is suggested by a plot of the raw data of peripheral glucose utilization (GIR) versus CAC volume at the 6-year visit ([Fig. 3](#F3){ref-type="fig"}). In fact, after adjustment for age, GIR correlated inversely with CAC volume at the 6-year CACTI follow-up visit and with an increase in CAC volume from baseline to the 6-year visit and from 3-year to 6-year follow-up visits (ρ, *P* = −0.42, \<0.0001; −0.41, \<0.0001; −0.24, \<0.028, respectively) ([Table 3](#T3){ref-type="table"}). In a logistic regression analysis adjusted for age, sex, BMI, and diabetes status, lower GIR was independently associated with the presence of CAC: odds ratio (OR) 0.45, 95% CI (0.22--0.93) for a one standard deviation (SD) increase in GIR. Thus, for every 6.1 mg/kg FFM/min increase in GIR (signifying greater insulin sensitivity), the odds of having CAC decreased by 55%.

![Plot of raw data for CAC volume at 6-year follow-up visit as a function of GIR (*n* = 87). Open (white) squares = nondiabetic subjects, black triangles = type 1 diabetic subjects.](zdb0011164400003){#F3}

###### 

Correlation of insulin resistance to CAC volume; OR of any CAC at 6-year visit associated with insulin resistance by GIR and by failure of NEFA suppression in clamp stage 2

  Model                                              Spearman correlation coefficient: glucose infusion rate vs. CAC volume for total clamp cohort (*n* = 87)                           
  -------------------------------------------------- ---------------------------------------------------------------------------------------------------------- ----------------------- ---------------------
  1: Adjusted for age                                                                                                                                                                   
      GIR (mg/kg FFM/min)                            −0.42 (*P* \< 0.0001)                                                                                      −0.41 (*P* \< 0.0001)   −0.24 (*P* = 0.028)
      Stage 2 NEFA level (μM)                        0.41 (*P* \< 0.0001)                                                                                       0.40 (*P* = 0.0001)     0.27 (*P* = 0.01)
  2: Adjusted for age, sex, diabetes status                                                                                                                                             
      GIR (mg/kg FFM/min)                            −0.31 (*P* = 0.005)                                                                                        −0.30 (*P* = 0.006)     −0.19 (*P* = 0.08)
      Stage 2 NEFA level (μM)                        0.32 (*P* = 0.003)                                                                                         0.30 (*P* = 0.005)      0.24 (*P* = 0.03)
  3: Adjusted for age: type 1 diabetic group alone                                                                                                                                      
      GIR (mg/kg FFM/min)                            −0.28 (*P* = 0.08)                                                                                         −0.28 (*P* = 0.09)      NS
      Stage 2 NEFA level (μM)                        0.31 (*P* = 0.06)                                                                                          0.28 (*P* = 0.08)       NS
  4: Adjusted for age: nondiabetic group alone                                                                                                                                          
      GIR (mg/kg FFM/min)                            −0.39 (*P* = 0.006)                                                                                        −0.41 (*P* = 0.004)     NS
      Stage 2 NEFA level (μM)                        0.39 (*P* = 0.007)                                                                                         0.39 (*P* = 0.008)      NS

                        Logistic regression analysis: odds ratio for any CAC at 6-year visit with increase in insulin resistance (*n* = 87)   
  --------------------- --------------------------------------------------------------------------------------------------------------------- ---------------------------
  GIR (mg/kg FFM/min)   9.8 ± 6.1                                                                                                             0.45 (0.22--0.93) (0.03)
  Stage 2 NEFA (μM)     268 ± 186                                                                                                             2.40 (1.08--5.32) (0.032)

The NEFA levels during stage 2 of the clamp were similarly but positively correlated with CAC volume at the 6-year visit, and CAC increase from baseline to 6-year and from 3-year to 6-year follow-up visit ([Table 3](#T3){ref-type="table"}). Partial adjustment for sex and diabetes status attenuated all correlations somewhat ([Table 3](#T3){ref-type="table"}), but there was no significant interaction with diabetes status. In a logistic regression analysis adjusted for age, sex, BMI, and diabetes status, higher stage 2 NEFA levels (insulin resistance), were independently associated with the presence of CAC, OR 2.40, 95% CI (1.08--5.32) for one SD difference in NEFA level. Thus, for every 186 μmol/l increase in stage 2 NEFA (signifying insulin resistance), the odds of having CAC increased by 140%. These one SD differences in measures of insulin action are comparable to the differences seen between type 1 diabetic and nondiabetic subjects in this study. In other logistic regression models LDL and HDL levels did not have a significant effect on the odds ratio for the presence of CAC in the whole cohort, nor did insulin dose in logistic regression analysis of the diabetic group (not shown).

The above analyses were also performed on the diabetic and nondiabetic groups separately. Similar correlation coefficients resulted from these individual analyses. However, statistical significance was lost for the 3-year to 6-year visit change and otherwise attenuated to near statistical significance in the diabetic group only ([Table 3](#T3){ref-type="table"}, models 3 and 4). Similarly, logistic regression analysis of the odds ratio for the presence of CAC at the 6-year follow-up visit associated with a change in GIR was analyzed separately for diabetic and nondiabetic subjects. Odds ratios for the two groups were very similar, but statistical significance was lost for the diabetic group (e.g., for GIR: OR = 0.38 \[95% CI: 0.11--1.37\] and 0.40 \[95% CI: 0.18--0.90\], respectively).

Insulin resistance does not correlate with poor glycemic control.
-----------------------------------------------------------------

Neither peripheral glucose uptake nor insulin-mediated NEFA suppression correlated with measures of current or recent glycemic control in this study ([Table 4](#T4){ref-type="table"}). Pearson coefficients revealed no significant correlation between GIR or stage 2 NEFA levels and GHb or CGM measures of mean glucose, percentage of values \>180 mg/dl, percentage of values \<70 mg/dl, and overall SD (glycemic variability).

###### 

Insulin resistance does not correlate with recent glycemic control. Pearson correlation coefficients are shown for correlation of GIR and stage 2 NEFA levels to GHb and CGM measures of glycemic control for all type 1 diabetic subjects

                             Mean ± SD     Correlation to GIR   Correlation to stage 2 NEFA           
  -------------------------- ------------- -------------------- ----------------------------- ------- ------
  GHb (%)                    7.5 ± 0.9     0.13                 0.5                           −0.02   0.92
  CGM parameters                                                                                      
      Mean glucose (mg/dl)   141 ± 26      0.2                  0.26                          −0.16   0.37
      % \>180 mg/dl          26.2 ± 12.9   0.25                 0.14                          −0.15   0.40
      % \<70 mg/dl           16.2 ± 11.9   −0.02                0.91                          −0.04   0.84
      Overall SD             65.9 ± 20.1   0.21                 0.22                          −0.16   0.35

In addition, GIR and stage 2 NEFA did not differ by GHb quartile (ANOVA, *P* = 0.89; [Fig. 4](#F4){ref-type="fig"} and data not shown) over the range of GHb values represented by this cohort (\<9.5%). BMI also did not differ by GHb quartiles (26.4, 28.1, 27.4, and 26.0 kg/m^2^, ANOVA, *P* = 0.27), excluding the possibility that glycemia-related changes in insulin sensitivity were countered by glycemia-related changes in BMI.

![Insulin resistance does not correlate with poor glycemic control. Insulin sensitivity is expressed as glucose infusion rate per fat-free mass (GIR, mg/kg FFM/min) and shown by quartile of GHb measured 3 days before the clamp study day. GHb range for each quartile is shown and *n* = 10 for each quartile. Analysis by ANOVA yields a *P* value of 0.89 for differences between quartiles. Pairwise comparisons are all nonsignificant with *P* values ranging from 0.49 (2nd and 4th quartiles) to 0.96 (1st and 4th quartiles).](zdb0011164400004){#F4}

DISCUSSION
==========

Our study demonstrates significant insulin resistance in subjects with type 1 diabetes relative to nondiabetic controls of similar age, BMI, and habitual physical activity levels. Importantly, type 1 diabetic patients were profoundly insulin resistant despite similar overall adiposity, body fat composition, and HDL cholesterol levels, and, paradoxically, lower fasting triglycerides and higher adiponectin levels. These findings, consistent with previous smaller studies ([@B28],[@B29],[@B31]), suggest a novel component in the etiology of insulin resistance in type 1 diabetes. Our type 1 diabetic cohort exhibits the expected relationship between insulin resistance and BMI, waist circumference, and triglycerides. However, at any given value, the type 1 diabetic subjects are likely to be more insulin resistant than nondiabetic subjects, thus effectively left-shifting the relationship between insulin sensitivity and insulin resistance-associated clinical parameters in type 1 diabetes. Beyond hyperglycemia and the chronic exogenous peripheral hyperinsulinemia of type 1 diabetes, plausible explanations for this "left shift" are lacking.

We have found that in these relatively well controlled type 1 diabetic patients with mean GHb 7.5% ± 0.9%, the degree of insulin resistance was not explained by recent glycemic control defined by GHb and CGM measures. Since GHb was measured at four points during the study and remained consistent, it also does not seem likely that periods of loss of control are responsible for the insulin resistance measured in this study. These data do challenge the general belief that poor glycemic control is the entire etiology of insulin resistance in type 1 diabetes. However, our data do not explicitly contradict existing data. In the Pittsburgh Epidemiology of Diabetes Study, where GHb was found to be a significant predictor of insulin resistance, GHb \<9.5--10 defined the low risk group, and a GHb difference representing the full range of our diabetic subjects would result in only a 1 mg/kg/min change in GIR ([@B27]). Early studies demonstrating improved GIR with glycemic control involved improvement from very poor control. Our entire diabetic clamp cohort was controlled to the level of the improved GHb in these previous reports. Finally, in the important 1986 study of Yki-Jarvinen, ([@B46],[@B47]) the authors found improved insulin sensitivity with initiation of treatment and improved glycemic control in newly diagnosed type 1 diabetes. However, the scatter plots in this report indicate that improved mean GIR was largely driven by subjects who no longer needed insulin at the 3-month and 1-year follow-ups. Including only the insulin-dependent subjects at these visits appears to yield a remarkably consistent 40% reduction in GIR across GHb values from 8.8 to 13% and durations of diabetes from 2 weeks to 20 years. These results are more consistent with some aspect of nonphysiologic insulin delivery rather than glycemic control as the etiology of insulin resistance. Our data do not, however, rule out the possibility that very poor glycemic control may contribute to insulin resistance.

We also make the novel observation that insulin resistance in type 1 diabetic subjects also included impaired insulin-mediated suppression of serum NEFA and glycerol levels. The parallel lack of suppression of NEFA and glycerol levels suggests that lipolysis was the source of most of the NEFA measured. However, the patterns were not identical, suggesting that regulation of re-esterification may also be altered between groups.

Insulin resistance has been strongly implicated as a cardiovascular risk factor in the general population ([@B17][@B18][@B19][@B20][@B21][@B22][@B23][@B24]--[@B25]). Our demonstration of insulin resistance in type1 diabetic subjects in terms of both glucose and NEFA metabolism suggests that insulin resistance may also contribute to increased CVD risk in type 1 diabetes. The Pittsburgh Epidemiology of Diabetes Study demonstrated a correlation between estimated insulin resistance and coronary artery disease ([@B10]). In support of this finding, we report significant associations between directly measured insulin resistance and both presence and progression of CAC in our full cohort, as well as in our nondiabetic subgroup. This is a novel finding, representing the only existing demonstration of a correlation between a direct measure of insulin sensitivity by modern validated methodology and an accepted measure of CVD. The finding of statistical significance with this small study group is surprising and supports the hypothesis that insulin resistance is an important factor in CAC development. Though we failed to achieve statistical significance to the level of *P* \< 0.05 in the diabetic group, the near significance (*P* = 0.06--0.09) for the correlation of GIR and NEFA suppression to CAC volume at 6 years and to CAC progression from 0 to 6 years suggests that the relationship between insulin resistance and CAC is also present in type 1 diabetes. Furthermore, the striking similarity in correlation coefficients between the diabetic and nondiabetic populations in the separate analyses suggests that the slope of the relationship between insulin resistance and CAC is similar in subjects with and without type 1 diabetes. The failure to achieve statistical significance in the diabetic group is a limitation of this study. Because of the near significance and the similarity in correlation coefficients and odds ratios to the statistically significant relationship found in the nondiabetic group, we believe this is most likely a power issue related to the smaller range in insulin resistance values and the smaller subject number. However, we cannot rule out the possibility that the association between insulin resistance and CAC is weaker in individuals with type 1 diabetes than those without diabetes.

Because of the left-shift in the relationship between GIR and metabolic syndrome criteria described above, type 1 diabetic subjects in our study had a phenotype less consistent with "metabolic syndrome" than nondiabetic controls, despite being more insulin resistant. For instance, type 1 diabetic subjects had a healthier lipid profile than nondiabetic controls, even after adjustment for statin use. Similarly, hypertension treatment was more common among type 1 diabetic subjects, but overall blood pressure was not higher, even after adjustment for medication use. Body composition did not differ between type 1 diabetic and nondiabetic subjects. Thus, standard characteristics that predict insulin resistance in the general population were not present in our insulin-resistant type 1 diabetic patients. This is consistent with a previous report that standard prediction models of CVD risk (highly dependent on hypertension and lipids) do not accurately predict CVD risk in the type 1 diabetic population ([@B16]). We also find that about half the CVD risk in our type 1 diabetic cohort is not predicted by standard CVD risk prediction models (J.K.S.-B., I.E.S., B.C.B., D.M.M., R.H.E., M.R., unpublished observations). We have reported differences in lipoprotein cholesterol subfraction distribution in this clamp group that may explain some of this excess risk ([@B48]). Unfortunately, this suggests that traditional approaches to control these risk factors may be inadequate to slow premature formation of coronary atherosclerosis in type 1 diabetes.

The main limitations of this study are the single time point measurement of insulin action, the late study time of this measurement, and the lack of power to reach significance in the type 1 diabetic cohort. We assumed that the single point measure of insulin resistance reflected a parameter that has been fairly constant over the time of the CACTI follow-up. Supporting this assumption, CACTI follow-up has demonstrated essentially stable weight, glycemic control, and lifestyle over the 6-year study span, but a prospective design with repeat clamp studies would be optimal. We are developing an insulin sensitivity prediction model based on this study, and will apply this model to baseline and follow-up data to allow a prospective analysis of the correlation of estimated insulin resistance with CAC and to increase the power of the analysis in the diabetic cohort.

Conclusions.
------------

In summary, we found that profound insulin resistance in type 1 diabetes extends beyond glucose control to regulation of fat metabolism, may be associated with increased coronary atherosclerosis, and cannot be easily identified using standard clinical predictors, including poor glycemic control. These findings suggest that insulin resistance, possibly through effects on overall NEFA exposure and lipotoxicity, may play a role in the residual risk of CVD in type 1 diabetes, as well as in the absence of diabetes, and thus may represent an important therapeutic target that is not currently considered in type 1 diabetes.
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